Energy has been a major issue in the European Union since its beginnings [1] . The evidence is shown by [2] , which states that by 2010 the EU had adopted a cumulative total of over 350 energy policy legal instruments and measures. Since the publication of the White Paper on renewable energy in 1997, the EU has produced policies and legislative measures to promote the market share of renewable, low-carbon and energyefficient technologies and to foster the better integration of energy-efficient measures into national legislation. However, it has not developed into a fully-fledged, coherent and common energy policy [3] . An important EU goal has been to promote better market conditions for the introduction of new and emerging technologies, and to provide financial incentives for their demonstration.
Introduction
Among the most recent initiatives of the European Union in the field of energy policy is the creation of the Energy Union [4] , with ambition on issues such as energy efficiency, renewables, climate change action, clean energy innovation and fair pricing for energy consumers. The idea of an Energy Union can be seen as the most significant policy attempt that seeks to reform European energy governance, policy and regional cooperation, streamlining these with long-term climate protection goals. It creates a platform for integrating sustainability measures into energy policy and assuring that decarbonization of European economies is conducted in a coherent, efficient and timely manner. In the wider perspective, we can see energy policy as one of the priorities of Europe 2020 strategy, where the European Commission sets the following targets: reduce greenhouse gas (GHG) emissions to not less than 20% compared to 1990 levels; increase the share of renewable energy sources (RES) in final energy consumption to 20%; and increase energy efficiency by 20%. The long-term perspective of EU energy policy can be declared, for example, by the Roadmap to a Resource Efficient Europe, which includes a vision for 2050, wherein "the EU's economy has grown in a way that respects resource constraints and planetary boundaries, thus contributing to global economic transformation" [5] . The Energy Roadmap indicates that by 2050, the EU should reduce GHG emissions by up to 80% compared to 1990 levels; partial steps to achieve this are 40% reduction by 2030 and 60% reduction by 2040 [6] .
The EU's 2020 targets on greenhouse gas emissions, energy consumption and share of renewables in energy production are prominent examples [7] . These and other policies share similar goals and in different ways seek to balance social, economic and environmental considerations. Implementing and strengthening them can help to push science and technological frontiers, create jobs, improve the quality of the environment and enhance competitiveness [8] .
Energy policy is still very much dominated by national policies and under the control of member states [3] , and this fact determines the approach of each country to the general goals, as it shall formulate its own plans and actions. The paper examines the causal relationship between energy consumption, GHG emissions and the share of renewable sources on economic growth of the EU member states in the period 2008-2016. The quantitative evaluation is based on decoupling model theory.
Findings of the paper are relevant for government, state and public institutions as well as stakeholders in general, who play an important role in the preparation of programs, projects and initiatives to make energy generation and consumption more efficient, and introduce stringent new energy efficiency standards and financing mechanisms to support a more energyefficient society.
Material and Methods
There is a long-standing debate on the relationship between economic growth and the state of the environment. It has been widely discussed since the second half of the last century. Many authors argue that continued economic expansion in a finite world is not possible, therefore the use of material resources to produce economic growth cannot go on forever, and there has been a growing concern that such growth will cause irreparable damage to our planet [9] [10] [11] .
Different indicators have been used for measuring both economic and environmental variables [12] [13] [14] . The economic variable is usually GDP, either in absolute or per capita form, though many authors have noted that GDP has some shortcomings, as it clusters diverse resources by weight, obscuring huge differences in scarcity, value and associated environmental impacts. It also provides a distorted picture of resource demands from overseas, because it includes only net imports of resources rather than encompassing the raw materials consumed in producing imports [9, 15] .
The aim of this paper is to quantitatively assess the relationship between economic growth and related environmental impacts of energy production and consumption in the EU countries in the period 2008-2016 using the decoupling method.
We will particularly focus on the nexus between economic growth (measured in GDP) and final energy consumption, production of GHG emissions and the use of renewable energy sources (RES) for energy production.
The data for analysis were obtained from the databases of the Eurostat: gross domestic product at market prices (million units of national currency), final energy consumption (million tonnes of oil equivalent -TOE), greenhouse gases (CO 2 , N 2 O in CO 2 equivalent, CH 4 in CO 2 equivalent, HFC in CO 2 equivalent, PFC in CO 2 equivalent, SF 6 in CO 2 equivalent, NF 3 in CO 2 equivalent) (thousand tonnes) and gross inland consumption of RES (thousand TOE).
Energy and Environment Nexus
Historical data see a strong correlation between energy production and consumption and economic and social development. Energy is a basic input in the generation of wealth [16], so the power sector has a crucial role. Any measures adopted in that area should be compatible with the basic principles of sustainable development. The European Union as one of the mayor international actors seeks energy sustainability. One of the five goals set by the EU in 2011, to be achieved by 2020, is fulfilment of several objectives concerning energy and climate change. One of the pillars of the European growth strategy is meeting those green objectives [17] . The interactions between environmental, social and economic phenomena are clearly stated. Therefore, development of proper indicators capable of
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collecting those interactions becomes of great interest in order to design energy and environmental policies. Among indicators related to the energy sector can be included energy productivity, CO 2 productivity, energy intensity in different sectors of the economy, and share of energy from renewable sources in gross final energy consumption etc.
In this regard, we will focus our attention on decoupling analysis as a set of methods that enable quantitative assessment of determinant factors influencing changes over time in main energy and environmental aggregates.
The dilemma of expanding economic activities while attempting to stabilize the rate of resource use and reduce environmental impacts poses an unprecedented opportunity and challenge to society. Since most of the world's economies are striving for economic growth, ways to achieve it with less environmental harm are being sought. Several concepts proposed for this include increased eco-efficiency, de-materialisation, immaterialisation, de-linking, decomposition and decoupling. The drawback in these approaches is to get more from less, which means using resources more efficiently in order to produce the same value with less material. The environmental impact remains the same, but the economy grows faster [18] .
Within environmental research these approaches have been applied to several areas. "Decarbonization" refers to a decreasing energy intensity of economic activities, determined by CO 2 emissions per GDP unit [19] . Decoupling concepts vary also in the sectoral base and were applied, e.g., for decoupling of GDP from traffic volume and CO 2 emissions from transport [19] , decoupling of carbon dioxide emissions per capita from income per capita in developed countries, decoupling of GHG emissions and economic growth [8, 20, 21] , etc.
Decoupling as a Tool for Environmental Assessment
The decoupling of economic growth and environmental impacts caused by this growth has rich tradition within the sustainable development literature. Basically, the literature records four paradigms that may be used in order to decompose the change of a particular indicator. These are (a) econometric analysis, (b) analysis based on aggregate data, (c) index decomposition analysis and (d) structural decomposition analysis. Out of this group, the simplest technique is aggregate data analysis, since it considers aggregate variables and does not require specific information. By contrast, structural decomposition analysis (SDA) and index decomposition analysis (IDA) enable use of data from sectoral disaggregation. For assessing the energy sector of EU countries, the IDA method was selected, as it allows both additive and multiplicative decompositions, enables decomposition for any kind of aggregates (absolute variation, ratio, elasticity) and requires less initial information [17] , so it is an appropriate technique in multi-country studies. IDA has wide application in environmental studies, especially in assessing environmental pressures of the energy sector [8, 22] .
The concept of decoupling environmental pressure from economic development is the crucial form of putting the concept of sustainable development into operation. This conception refers to breaking the links between two variables, often referred to as the driving force, particularly economic growth usually expressed in terms of GDP, and the environmental pressures, such as the use of natural resources (resource decoupling) and the generation of waste/pollutants (impact decoupling). The decoupling index (DI) refers to the ratio of (1) change in the rate of consumption of a given resource (e.g., water), or in the rate of production of a given pollutant emission (e.g., SO 2 ); to (2) change in the rate of economic growth (GDP) within a certain time period (typically one year).
For example, if we define change in the rate of resources consumption (e.g., total energy consumption) between year t and year t-1 as: …change in the rate of economic growth as …then the Decoupling Index in year t
In the case of continued economic growth, namely ∆Y t >0, the DI may imply one of three following scenarios. When DI>1, it means the increasing rate of resource consumption or pollutant emissions keeps pace with or is higher than economic growth (see Case B in Fig. 1 ). In this case, no decoupling is taking place. In other words, as the economy grows, resource consumption and environmental degradation increase rapidly. This is the first half of the Kuznets Curve, or 'climbing stage' (Area A in Fig. 2 ). When DI equals 1, it is the turning point between absolute coupling and relative decoupling. In the stage of absolute coupling, a higher DI value means higher dependence on resources by economic growth, lower resource efficiency and heavier environmental pollution.
When 0<DI<1, it means the rate of growth in resource consumption or pollutant emissions falls short of that of economic growth. In this case, relative decoupling is taking place (Case B in Fig. 1 and area B in Fig. 2 ). When DI ranges from 0 to 1, lower DI means higher resource efficiency and lower dependence on resources.
When DI = 0, it means the economy is growing while resource consumption remains constant. In other words, when the economy grows continuously, the amount of pollutants does not increase. When resource consumption or pollutant emissions/discharge decreases while the economy keeps growing, then DI<0 (Case III in Fig. 2 ). Here the relationship between the environment and the economy can be described as the 'declining stage' of the Kuznets Curve (Area C in Figs 1 and 2), namely absolutely decoupling.
For the needs of our research, the above procedure is used to calculate the following decoupling indices: Moran Index for Spatial Evaluation of DI Spatial relationships are described by their spatial scales calculated from vector data (point or polygonthe calculation method is different). The first step in analysing data is to generate a neighbourhood matrix. Spatial scale is a basic element of spatial statistics that measures spatial relationships. According to [23] , spatial weight matrices represent the strength of potential interaction between individual places/spatial units. This uses Rook scales and only the areas adjacent to the research area are taken into account, which is reflected also in the neighbourhood matrix. After identifying the spatial weights, the third assumption is tested using Moran's I local coefficient (Moran I), which determines whether spatial autocorrelations exist in the given set of regions/territory.
…where:
d -critical distance n -number of spatial unit x i -value of phenomenon examined in i-th spatial unit x --average value of phenomenon examined w ij (d) -weight of i-th value and d-th distance
The more Moran's local coefficient (I) approaches zero value, the more this coefficient indicates randomness, spatial non-correlation or statistical insignificance of the given variable in the space. The more the coefficient value approaches value 1, the more positive space autocorrelation is indicated. The closer the coefficient value approaches -1, the more negative the spatial autocorrelation is indicated.
In order to analyze the spatial autocorrelation at the local level, according to [24] , the value of spatial autocorrelation must be derived for each spatial observation unit, i.e., in our case, the unit is the EU member state [25] . Because measurements are made for each polygon, it shows us how spatial autocorrelation changes within the studied territory. 
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According to [26] , we can meet four different types within LISA: -Locations where units with high or low values of the variable are grouped within the spatial autocorrelation and tested in accordance with the statistical tests, the hypothesis of positive spatial autocorrelation, referred as high-high (HH) or lowlow (LL). -Locations where units with high and low variables are grouped together within the spatial autocorrelation, or vice versa and tested in accordance with statistical tests, a negative spatial autocorrelation hypothesis (high-low (HL), or low-high (LH) respectively. For the graphical representation of the obtained results, a Moran diagram of variance is used, which is, according to [27] , a graphical representation of the spatial autocorrelation and its individual components (it shows the values of the monitored variable and "spatially shifted" values of the given variable -in this case the values of neighbouring micro-regions).
Results and Discussion
In this study, the nexus between gross domestic production (GDP) and final energy consumption, production of GHG emissions and the use of renewable energy sources (RES) for energy production of 28 EU countries is assessed. The analysed period is 2008-2016. ΔGDP, ΔFEC, ΔGHG and ΔRES values were calculated using data from available databases of the Eurostat using Equations (1) and (2) . Subsequently the value of decoupling index DI was calculated using Equation (3).
Based on the partial calculations, we performed the decoupling analysis. Results of the analysis are summarised in Fig. 3 and Table 1 . According to decoupling analysis of the EU countries in the period 2008-2016, we can distinguish the following subcategories.
Absolute decoupling: in this sub-category the GDP increases and environmental impacts decrease. Thus the decoupling index is below 0. This is the best case for both the economy and the environment. This subcategory is in our survey the most frequent -it occurs in a total of 45 out of 56 observed cases (80%), which can be considered as a positive fact. In the case of the resource decoupling index, in our survey represented by Final energy consumption, absolute decoupling occurs in 20 cases (71%). In the case of impact decoupling index measured as production of GHG emissions, the absolute decoupling is present in 25 cases (89%).
Relative decoupling: is the case when the rate of growth in energy consumption falls short of that of economic growth. In this case DI ranges from 0 to 1, lower DI means higher energy efficiency and lower energy dependence. Decoupling occurs to some extent because final energy consumption grows more slowly than the GDP, but it is weak since the absolute amount of consumed energy nevertheless continues to grow. This situation occurs totally in 6 analysed cases (11%), and all of them are present in the case of the resource decoupling index.
Absolute coupling means that the increasing rate of energy use keeps pace with or is higher than economic growth. In this case, no decoupling is taking place. In other words, as the economy grows, energy consumption Fig. 3 . Decoupling analysis -decoupling index resource and impact. increase rapidly. In the stage of absolute coupling, a higher DI value means higher dependence on energy resources by economic growth, lower energy efficiency and heavier environmental pollution. In this subcategory we have only five cases. In terms of resources, absolute coupling occurs in the case of Croatia and Cyprus, and in terms of environmental impacts, absolute coupling is present in Croatia, Cyprus and Greece.
We also calculated the decoupling index of renewable energy sources (RES). As their use for energy production brings positive effects in terms of resource management (energy consumption) as well as reduction of environmental impacts (GHG emissions), the positive values signal absolute coupling as a positive phenomenon related to the willingness of countries to pay for better environmental conditions, graphically represented as area C in EKC. Positive results are visible in 25 countries (89%). Negative values occur in three cases: Greece, Croatia and Cyprus (see Fig. 4 ).
The last part of the research is the analysis of the above results in terms of their spatial distribution. Using the Moran index, we found the spatial randomness of all three variables (I Resource = -0,0018; I Impact = -0,0017; I RES = -0,0014). The LISA indicator analyzes these results more closely, with which spatial changes are monitored at the local level. Results of the analysis are graphically captured in Fig. 5 . On the basis of the above-mentioned graphical processing and results of our own analysis it is not possible to identify H-H areas (hot spots) as well as L-L areas ("cold spots"), i.e., areas with positive spatial autocorrelation. Affiliation of countries to the H-L, respectively. L-H signals spatial "outliers," i.e., areas where significantly higher or lower localization quotients (LISA) have been measured in comparison to neighboring regions. However, this spatial dependence at the local level may not be statistically significant in all cases (as evidenced by the results of the Moran index).
Our study as well as many others [28, 29] confirm the fact that all EU member states strive to reduce CO 2 emissions, increase energy efficiency and the share of RES on energy production, but they differ in their opinions on how to reach this goal. The ways to more sustainable energy in Europe can be assessed according to their compliance with scenarios of the future development of GHG emissions. Typically, such scenarios are based on the current situation and, taking into account developments so far, suggest different paths and ways to achieve the desired emission reductions by combining different measures and technologies. Scenarios are being developed on a global scale [30] , at the EU17 [31] level, as well as in individual countries, and their variations differ mainly in depending on the extent to which individual measures and technologies contribute to the required emission reductions. Of course, this also has an impact on the financial or technological complexity of the individual options.
At the EU level, the so-called Strategic Energy Technology Plan [30] is the basic pillar of the transition to a low-carbon energy future. Among other things, it defines 19 strategic technologies to ensure the necessary level of greenhouse gas emission reductions in the energy sector. Not all of these technologies are equally developed and not all of them are appropriate for all member states. The issue of "national specifics" in relation to individual low-carbon technologies is a hot topic of ongoing debate, including in EU countries, for example on the appropriateness of climate conditions for some technologies, prevailing public attitudes or different starting situations. An important topic related to technology is science, research and technological development. These can accelerate the development of new technologies [32] . New resource management methods are rapidly gaining in importance. From this perspective, it is important at the national and European levels to set the right objectives and priorities in this area and to create favourable conditions for science, research and innovation, including prerequisites for commercial use.
Throughout the examined period, the EU countries spread out into different forms of environmental impact and resource decoupling. The largest group falls under the subcategory of absolute decoupling, which can be seen as very positive. But as with all studies, this study has limitations. First, the decoupling indices do not reveal the environment's capacity to sustain, absorb or resist pressures of various kinds. Index values cannot convey the message of whether economic growth is sufficiently decoupled from negative environmental impacts, such as GHG emissions production. Constant environmental impacts or decreased environmental impacts over time do not guarantee that human economic activity is within the physical limits of the biosphere. Even if absolute decoupling could be achieved, this would not necessarily ameliorate the environmental impacts of economic growth.
Decoupling may also experience a "rebound effect" that requires addressing the concern that efficiency gains in resource use may paradoxically lead to greater resource use. Research on micro level rebound effects has, in general, concluded that across time and across products, the rebound effect is not a major problem and does not undermine the case for investing in energy and resource efficiency or productivity [33] . In most cases, direct rebounds range from 0% to 40% [34] .
We also have to state that even absolute decoupling at the individual country level, may not indicate that energy use is actually decreasing with increasing GDP. It may just indicate that more energy-intensive operations have been off-shored [35] . Developed nations experience an increase in imports of semi-finished and finished products and a change in economic structure toward service economies, which add high value to the GDP. These trends make developed countries look more resource-efficient, but they actually remain deeply anchored to a material foundation underneath.
Using this method can bring a lot of advantages. The quantification of the extent of decoupling makes it possible to assess if decoupling strategies are sufficient to reach the goal of environmental sustainability. We can track the trends, compare the extent of decoupling among countries and set future decoupling targets. Results of decoupling analysis can facilitate environmental policy-making processes.
Conclusions
The issue of mitigating the negative environmental impacts of energy production directly affects all European Union member states. Meeting ambitious goals such as cutting greenhouse gas emissions or increasing the share of renewables in energy production will require systematic and ongoing efforts of all stakeholders. Monitoring of such processes plays a crucial role as it is necessary for informed and responsible decision-making and setting appropriate policies and actions. In this regard, the decoupling method presents a useful tool for calibrating the shifts required over time to manage the transition to a more sustainable society.
From the perspective of our own research results we can state the following: -In the evaluation of DI Resource and DI Impact, the majority of the EU member states can be considered homogeneous, i.e., the economic growth of these countries is decoupled from both energy consumption and production of GHG emissions. -On the other hand, evaluation of DI RES shows the coupling of economic growth and the use of RES for energy production. -For all three indicators, however, it is possible to identify Croatia and Cyprus (also Greece with the first indicator) as countries in which we see the growth of the economy accompanied by the growth of FEC and GHG, which we attribute to the dependence of the economies of these countries on sectors highly burdensome for the environment. -From the spatial angle of assessment, these results cannot be considered spatially positive or negatively autocorrelated, i.e., analysis results can be considered spatially random. The results obtained are limited by the construction of decoupling indices, which favour countries whose growth was close to zero in the period under review. This fact was reflected in the results of Spain in all the monitored DI, which could be evaluated as highly positive, though we believe it does not reflect the state in this country. In our opinion, the period that is the subject of the analysis and which directly determines its result also has an unreasonably high impact on the result itself. Because of the above, it is necessary to perceive the decoupling index method as a partial result of the assessment of the energy performance of the subjects of the analysis. At the same time, it is recommended to use it multiple times with the application of different evaluation periods in order to obtain more objective results and thus resulting in a greater reflection of the real state of the monitored area (which will be the subject of further research).
